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Abstract 
Thick-film and LTCC (Low Temperature Cofired Ceramic) technologies find increasing use in meso-

scale sensors, actuators and related devices that feature excellent dimensional, thermal and chemical stability at 
moderate cost. While several materials and processes allow fabrication of structures such as channels, 
membranes and relatively short bridges, obtaining slender bridges and cantilevers with good shape control for 
applications such as microforce sensors has hitherto remained a challenging task. This work presents techniques 
based on mineral sacrificial materials that allow fabrication of such intricate structures in thick-film technology, 
and are also applicable to LTCC. Aspects such as optimal sacrificial materials, paste formulation, structure 
design and final chemical etching are addressed, with the aim of obtaining reproducible structures. 
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Introduction 
Thick-film technology is quite useful for 

sensor structures, due to its good stability, low cost 
and versatility [1]. Most current thick-film sensors, 
for pressure, force and temperature are based on 
discrete sintered ceramic substrates or substrate 
parts [2], shaped by pressing or tape casting (fig. 1). 
Low-temperature co-fired ceramic (LTCC) allows 
additional flexibility, as it can be freely shaped by 
laser cutting and structures may be obtained by 
lamination of successive layers [3, 4], allowing 
quite versatile sensor and actuator applications [5]. 

 

 
Figure 1. Membrane-type pressure sensor (left) 

& ring-on-ring force sensor (right) [2]. 
- 

However, the abovementioned methods are 
insufficient when sensitive structures are needed: 
thin thick-film substrates are too delicate to handle, 
and very thin LTCC structures may be difficult to 
manufacture by the simple "cut and laminate" 
method. To overcome these problems, several 
sacrificial layer materials have been developed, for 
both classical thick-film and LTCC [4]. They allow 
convenient overprinting or lamination, and are 
removed at some point of the process, freeing the 
structures. 

Carbon (mainly graphite) is arguably the 
most common sacrificial material, having the 
advantage of burning out cleanly above ca. 700°C. 
However, as it burns before sintering of the thick-
film or LTCC materials, sagging may occur. In 
closed structures such as membranes, this can be 
compensated by the pressure of the gases evolved 
from carbon burnout, but the result becomes quite 
process-sensitive [6]. 

For open structures such as cantilevers, 
mineral sacrificial materials that survive the firing 
step, substances such as LTCC setter tape (in fact 
Al2O3) [3] and strontium carbonate (SrCO3) [7,8] 
are more advantageous. Al2O3 and SrCO3 undergo 
essentially no sintering around 850°C, and may be 
blown away after firing by compressed air or the 
like [3]. However, this process leaves the risk of 
trapped particles, and SrCO3 has the advantage of 
being removable by chemical etching, using 
relatively weak phosphoric acid (H3PO4) [7]. 
Compared to more common CaCO3 [9], SrCO3 does 
not decompose at typical thick-film and LTCC 
firing temperatures, which improves dimensional 
stability and reduces moisture sensitivity, as CaO 
formed by decomposition of CaCO3 rapidly reacts 
with ambient humidity to Ca(OH)2. 

While the abovementioned materials provide 
mechanical support during firing, their lack of 
sintering results in insufficient cohesion. 
Lateral (XY) constraint is therefore not always 
guaranteed, and structures may lift or curl due to 
internal stresses arising during sintering. 

Therefore, what is needed is a material 
similar to SrCO3, but with a slight amount of local 
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sintering / bonding between the powder particles to 
impart a minimum of cohesion and thus stabilise 
the overlying structures. The degree of sintering 
and assorted shrinkage must remain low for good 
dimensional stability and to maintain large open 
porosity, allowing rapid chemical etching. 

A search for appropriate substances revealed 
two potential candidate compounds, which are 
studied: 1) MgO + sintering aids, and 2) borates, 
such as calcium metaborate, CaB2O4. 

MgO is a well-known sacrificial material for 
surface micromachining of MEMS [10] and, if 
"dead-burned", is sufficiently stable in its oxide 
form towards ambient humidity, at least for a short 
time. Being refractory, it is expected to require a 
limited amount of sintering aids to hold the grains 
together, and B2O3 and/or borax (Na2B4O7) are 
envisioned for this purpose [11]. Borax is less 
volatile and provides better bonding, but the 
deleterious effects of its sodium content [11] limits 
the maximum tolerable amount. 

CaB2O4 was also explored, due to its 
commercial availability1 and moderate melting 
point of 1154°C [12], which leads us to expect 
limited sintering at ca. 850°C. 

Last but not least, there is an additional issue 
that needs to be addressed for classical thick-film 
technology (but not for LTCC): printability over 
highly porous films, as is desired for the sacrificial 
layer, is usually very poor, as the pores prematurely 
extract the solvent of the overlying paste, impeding 
proper levelling or even leading to clogging of the 
screen mesh. To overcome this issue, paste 
formulation must also be studied, with two main 
options: 

1) The sacrificial layer paste may be formulated 
to be less or not porous in the dried state, so 
that overprinting is possible. This may be 
accomplished with classical pastes by 
increasing "non-evaporables" [13] or by using 
an epoxy resin as vehicle [7], and requires the 
sacrificial layer and the first subsequent one to 
be co-fired. 

2) Alternatively, the paste for the first overlying 
layer is formulated to be tolerant for porous 
layers. This route – if successful – is 
compatible with both co-firing and standard 
sequential firing.  

 
This work therefore aims at developing a 

complete thick-film mineral sacrificial paste 
process, using MgO or CaB2O4 (+ additives if 
needed) as sacrificial compounds, and suitable 
paste formulations to allow overprinting in the dry 
or fired state. SrCO3 was also tried for comparison 
purposes. While classical thick-film technology is 
used here, the developed processes may of course 
be also adapted to LTCC. 

                                                             
1 Source : Sigma-Aldrich 

The developed process was illustrated by 
fabricating cantilevers and bridges using different 
thick-film dielectric compositions. 

Experimental 
Starting powders for the sacrificial layers1 

were reagent-grade, except CaB2O4, technical 
grade. Table 1 gives the source powder for each 
compound. MgO, SrCO3 and borax were nominally 
anhydrous, while B2O3 and CaB2O4 were used in 
hydrated form. 

Vehicles for pastes were formulated with 
four solvents1: terpineol, dibutyl carbitol (DBC), N-
methyl-2-pyrrolidone (NMP) and triethylene glycol 
bis 2-ethylhexanoate (TEG-EH). The binder was 
ethylcellulose with 48% ethoxyl content, with low 
("4 cP" grade, EC-4-48) or medium ("46 cP", 
EC-46-48) chain length, depending on the desired 
viscosity. TEG-EH, basically non-evaporable at 
standard 150°C thick-film drying temperatures, 
remains in the binder as a plasticizer and thus 
allows further increase of "as-dried" residual binder 
volume; when using TEG-EH, NMP is substituted 
for DBC in order to adjust the overall solubility 
parameters [13]. 

All films were printed onto standard 96% 
Al2O3 substrates and fired using a standard thick-
film profile, with 45 min total firing time and a 
10 min dwell at 850°C. 

Commercial thick-film compositions were 
used for the suspended structures. They were tested 
for acid compatibility, with 10% aqueous solutions 
of phosphoric (H3PO4) and acetic (CH3COOH) 
acid. These solutions were the ones used to etch the 
sacrificial layers. 

The final test structures consisted of the 
necessary elements for capacitive force sensors 
with cantilever or bridge geometry, giving the 
following layer sequence: 

1) Bottom conductor / contacts on substrate 
2) Sacrificial layer 
3) Dielectric layer (beneath top conductor) 
4) Top conductor 
5) Dielectric layer (above top conductor) 

 
The suspended structures consist of layers 

3-5, with layers 3 and 5 actually consisting of one 
or more separate dielectric prints.  
 

Table 1. Source compounds used for the 
sacrificial materials 

 
Material Source 
MgO MgO, "dead burned" type, dried 
SrCO3 SrCO3, dried 
CaB2O4 CaB2O4·2H2O 
B2O3 B2O3·3H2O, e.g. H3BO3, boric acid 
Na2B4O7 Na2B4O7, anhydrous borax, dried 
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After printing and firing the films, the 
sacrificial layer was etched by immersion at room 
temperature, in the abovementioned 10% 
phosphoric or acetic acid solutions, for 1-2 days. 
This was followed by rinsing in water, 
neutralisation of residual acid in TRIS 
(trishydroxymethylaminomethane) buffer solutions, 
rinsing again in deionised water, rinsing in 
isopropanol and finally oven drying at ca. 100°C. 

Results - acid compatibility of pastes 
Table 2 gives the results of leaving printed 

and fired thick-film compositions ca. 24h in 10% 
acetic or phosphoric acid solutions at room 
temperature. Both acids had similar effects, 
phosphoric acid being qualitatively somewhat more 
aggressive. 

Multilayer dielectrics for Al2O3, 850°C 
firing overglaze and conductors had apparently 
satisfactory acid resistance. This was not the case of 
the dielectrics for ferritic stainless steel, which 
converted into a soft gel, their glassy matrix being 
etched away by acid. The 10 Ω resistor composition 
suffered visible surface damage as well, although 
some conductivity was maintained. 

Therefore, classical multilayer dielectric and 
conductor compositions for Al2O3, as well as the 
high-firing overglaze, seem best suited for the 
manufacture of structures using mineral sacrificial 
pastes. Resistor compositions, which have a lead 
borosilicate glass matrix [14] that is somewhat 
sensitive to acids [15], must be protected by an 
acid-resistant overglaze. Heraeus IP065, although it 
exhibits good acid resistance, has a too high firing 
temperature for this purpose and, therefore, future 
testing will also encompass 600°C-firing resistor 
overglazes such as ESL G-481, ESL G-485 and 
Her CL90-8325, the latter two being lead-free. 

 
Table 2. Acid compatibility of thick-film 

materials 
ESL = ElectroScience Laboratories; 

Her = Heraeus 
 

Paste type Code Result 
Multilayer 

dielectric for 
Al2O3 

ESL 4903 OK 
ESL 4904 OK 
ESL 4913 OK 

Dielectric for 
ferritic stainless 

steel 

ESL 4924 Destroyed 
Her GPA 
98-029 Destroyed 

Overglaze, 
850°C firing Her IP065 OK 

Ag conductor ESL 9912A OK 
Ag:Pd conductor ESL 9635B OK 

Au conductor 
(thin) ESL 8837 OK 

10 Ω resistor ESL 3911 Damaged 
 

Initial tests  of MgO, SrCO3 and CaB2O4 
As mentioned in the introduction, the ideal 

sacrificial layer should exhibit low sintering, yet 
reasonably good internal bonding to impart 
sufficient structural integrity. The different tests are 
summarised in Table 3. 

The three compounds, MgO, CaB2O4 and 
SrCO3, were first formulated as pastes without 
additives and fired using the standard 45 min 
(10 min dwell at 850°C) thick-film profile. As 
expected, only CaB2O4 exhibited reasonable 
consistency; MgO and SrCO3 did not sinter 
significantly alone, and came out as loose powder. 

Although CaB2O4 looked quite ideal for a 
sacrificial layer (good consistency, yet low 
sintering / open porosity), firing of thick films 
invariably led to an irregulare surface, with a 
crackled "dried mud" structure (Fig. 2), which 
could only be remedied by high additions of borax 
or B2O3, leading then to excessively dense coatings. 
Therefore, CaB2O4 was abandoned for this study. 
However, it is thought that this problem was in fact 
due to shrinkage induced by dehydration of the 
original CaB2O4·2H2O powder. Future work will 
therefore use dehydrated CaB2O4, and possibly 
other Mg [16], Ca [12], Sr [17], Cu [18] or Zn [19] 
borates to tune the sintering behaviour. In the CaO-
B2O3 system, for instance, CaB4O7, melts at 986°C, 
or an anhydrous mixture with CaB2O4 can easily be 
prepared by drying colemanite, 2CaO·3B2O3·5H2O. 

Initial tests of mixing H3BO3 to MgO and 
SrCO3 gave some consistency with MgO, but no 
improvement with SrCO3. Moreover, SrCO3 is less 
suitable for chemical etching. In effect, acid etching 
of SrCO3 and MgO proceeds by the following 
reactions: 

SrCO3 + 2H+ à Sr++ + H2O + CO2↑ 

MgO + 2H+ à Mg++ + H2O 

In recessed spaces, CO2 gas evolution can be 
a problem, as it impedes further access of the 
etching solution to the sacrificial layer. 

Of the initial three compounds, only MgO 
was therefore retained for further testing in this 
study. 

MgO with borax and boric acid 
Preliminary tests using fine MgO powder 

with sintering aids were unsuccessful, as the 
additions were coarser than the MgO. Therefore, 
relatively coarse (ca. 5 µm) MgO was used, and co-
milled with the additions. 

The results are summarised in Table 3. 
Borax was qualitatively more effective than B2O3 in 
consolidating the films at a given nominal volume 
fraction; samples F2/E2/F4, which were porous and 
relatively weak layers, would be essentially dense if 
all B2O3 were retained upon firing. 



Th. Maeder et al., Thin bridge & cantilever structures in thick-film technology using sacrificial layers 4 / 8 

Table 3. Representative summary of the tested sacrificial layer formulations. 
Volume fractions are given for dehydrated products. 

† B2O3 has high volatility, and most of it is presumably lost when firing at 850°C. 
Evaluation (right column) given for compatibility with post-fired dielectrics: X = unusable; √ = OK; √√ = preferred. 

 
Code CaB2O4 

 [vol.%] 
B2O3

† 
[vol.%] 

Borax 
[vol.%] 

Notes Evalu-
ation 

H1 
H2 100 - - Sinters to strong yet porous film, but with "dried mud" 

consistency if thick à not useful X 

A3 82 18 - Same as above X 
B2 68 32 - Too vitreous; black à trapped organics from vehicle X 
C1 76 - 24 Somewhat too dense; apparent reaction with dielectrics? X 

Code SrCO3 B2O3
† Borax Notes  

J1 100 - - No visible consolidationà powdery X 
G1 73 27 - Very slight consolidation – flakes off the substrate X 

Code MgO  B2O3 Borax Notes  
I1 100 - - No visible consolidation à powdery X 

F2 70 30 - 
Some consolidation, somewhat too weak 
Reacts with co-fired dielectrics (B2O3 evaporation?) 
Post-firing of dielectrics OK 

√ 

E2 
F4 61 39 - 

Acceptable consolidation 
Strongly reacts with co-fired dielectrics (B2O3 
evaporation?) 
Post-firing of dielectrics OK, more robust than F2 

√√ 

F1 60 16 23 
Good sintering (may be somewhat too dense) 
Reacts a little with co-fired dielectrics (more vitreous) 
Post-firing of dielectrics OK 

√ 

F3 62 - 38 Too dense X 

176-4 90 10 - 
Porous yet good consolidation in spite of low B2O3 
Good dielectric compatibility 
Slurry in propylene glycol – not yet formulated as paste 

√ 

 
This discrepancy was ascribed to 

volatilisation of B2O3 [20] – presumably, most is 
lost and the remainder eventually reacts with MgO. 
This interpretation is also supported by the 
difference between co-fired and post-fired 
dielectrics on MgO+B2O3 (Fig. 3). Alteration of the 
overlying dielectric when co-firing was strongly 
linked with high B2O3 content. On the other hand, 
dielectrics post-fired onto the same layers did not 
show visible reaction, even at very high nominal 
B2O3 content in the sacrificial layer. 
 
 

 
Fig. 2. "Dried mud" consistency of CaB2O4 (H1) 

and effect on co-fired overlying ESL 4913 
dielectric.  

 

 

 
Fig. 3. ESL 4913 on MgO+H3BO3 (F2). 

Co-fired: reaction with evolved B2O3 (darkening) and 
structural instability 

Post-fired: good results 
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We sought a way to improve the efficiency 
of MgO bonding by H3BO3, by chemically coating 
the particles. Very good preliminary results, e.g. 
strong and homogeneous, yet highly porous films, 
were obtained from a slurry of MgO in a propylene 
glycol - H3BO3 solution, left to react overnight 
(sample 176-4). Presumably, a Mg borate surface 
layer formed on the surface of the MgO particles. 
Transforming the slurry into a screen-printable 
paste is still an ongoing effort, however, and this 
work therefore used more classical powder 
mixtures. 

Co-firing dielectric onto sacrificial layers 
was found to be much more critical than post-firing, 
due to observed reactions and cracking (see 
Figures 2 & 3). Some dielectrics did have 
acceptable integrity when co-fired with borax-
consolidated sacrificial layers, but reproducibility 
was much poorer than with post-fired samples. 
Moreover, we chose to avoid borax if possible, as it 
can have a quite deleterious effect on underlying 
layers [12]. Therefore, we decided to use 
formulation E2/F4 (MgO with a large amount of 
B2O3), and to post-fire the dielectrics for the rest of 
this work. This sacrificial layer formulation, after 
firing, had sufficient – though not ideal – 
mechanical strength for further screen printing 
operations, and its porosity and composition made 
it readily etchable in phosphoric and acetic acid. 

Dielectric reformulation for overprinting 
Printing of standard commercial thick-film 

inks over the fired sacrificial layer is problematic, 
even when using coarse screens; as expected, 
vehicle loss into the very porous layer resulted in 
strong premature drying and clogging of the screen 
mesh. This is presumably due to the high particle 
loading of standard pastes, making them sensitive 
to vehicle loss, coupled with a vehicle of relatively 
low viscosity apt to rapidly escape into the pores of 
the sacrificial layer, a situation depicted on the left 
of Fig. 4. 

Therefore, we reformulated the three 
commercial multilayer dielectric inks, ESL 4903, 
4904 and 4913 by adding various volumes of a 
"rich" vehicle (e.g. viscous and having a high 
binder concentration), whose formulation is given 
in Table 4. This roughly leads to the situation 
depicted on the right of Fig. 4: 

- The particle loading of the ink is lowered, 
which leads to a larger tolerance to vehicle 
loss. 

- The vehicle part of the ink must become more 
viscous to offset the decrease in particle 
loading and thus conserve approximately the 
same paste viscosity. This increased viscosity 
considerably slows down its escape into the 
pores of the sacrificial layer. 

 
By testing iteratively, we found that the 

optimal proportions of commercial paste and extra 
vehicle for overprinting were ca. 70-30% for ESL 
4903,  72-25% for ESL 4904 and 60-40 for ESL 
4913. 

A similar "rich" formulation was used for 
the final version of the sacrificial layer ink, as this 
allowed easy variation of the thickness through 
successive deposition and firing of multiple layers, 
e.g. the sacrificial layer can be printed onto its fired 
self. 

 
 
 

Table 4. Formulation of "rich" vehicle additive 
for overprinting inks onto sacrificial layer 
(ca. 40% volume added to commercial paste). 

 
Type Compound Parts 

(by mass) 

Solvent Terpineol 10 
DBC   5 

Binder EC-46-48   3 
 

 

   
Fig. 4. Schematic comparison of printing paste over porous layer with standard (left) and "rich" 

vehicle (right). 
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Suspended structures 
The developed processes were applied to 

suspended test structures, depicted in Fig. 5. The 
structures were basically designed for capacitive 
sensors [11], and had the following layout variants. 

- Type: bridge (B) or cantilever (C) 
- Preferential bending points: yes (hinges, H), 

or no (plain, P) 
- XY geometry: long (L) or short (S); 

narrow (N) or wide (W) 
 
The layout parameters for all variants are 

summarised in Table 5. Typically, 3 dielectric 
layers (ca. 40 µm fired thickness were printed and 
fired over the sacrificial layer), followed by the 
conductor areas (2...10 µm depending on paste), 
and another optional dielectric layer (ca. 20 µm, left 
2 columns of Fig. 5 to balance the stresses). 

Representative structures obtained after 
release by etching the sacrificial layer are depicted 
in Fig. 6. Overall, the etching process is per se quite 
reliable, but stresses remain a major issue. Internal 
stresses tend to cause curling, which is evidenced 
with cantilever structures CHL and CPL. Global 
thermal mismatch stress between the suspended 
structure substrate is also important with bridges; 
obviously, ESL 4903/4913 dielectrics have a 
compressive stress on alumina, which leads to a 
visible buckling of bridges BH and BPL. Buckling 
was confirmed by the bistable mechanical 
behaviour observed on the bridges. 
 

 
 

Fig. 5. Cantilever / bridge test substrate.  
Sizes : see Table 5. 

Left 2 columns: + 1 layer dielectric over conductors 
Right 2 columns: bare conductor 

 
Table 5. Structure layout parameters 

 
Type / parameters Value 

[mm] 
BH : bridge, with hinges 
- Span, overall 
- Span, between outer hinges 
- Span, between inner hinges 
- Hinge width (2 hinges), broad 
- Hinge width (2 hinges), narrow 

 
12.9 
10.5 
  5.5 
  0.8 
  0.6 

BPL/BPS : bridge, plain 
- Span, long version (BPL) 
- Span, short version (BPS) 

 
  8.0 
  6.0 

CHL/CHS : cantilever + hinges 
- Overall span, long (CHL) 
- Overall span, short (CHS) 
- Span, from hinges to end (CHL) 
- Span, from hinges to end (CHS) 
- Hinge width (2 hinges), both 

 
8.0 
6.5 
6.8 
4.8 
0.6 

CPL/CPS : cantilever, plain 
- Overall span, long (CPL) 
- Overall span, short (CPS) 

 
7.5 
5.7 

All shapes 
- Overall width, wide (W) 
- Overall width, narrow (N) 

 
4.2 
3.2 

 
 
 

BH 

 

BPL 
 

CH
L 

 

CPL 

 
 

Fig. 6. Examples of structures, illustrating 
stress-induced curling of cantilevers and 

buckling of bridges. 
Black lines: suspended / unsuspended boundary. 
Dielectric: ESL 4913 (BH); ESL 4904 (others) 

Sizes / parameters: see Table 5. 
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Conclusions 
In this work, new materials and procedures 

for achieving suspended thick-film structures by the 
mineral sacrificial paste (MSP) were studied, and 
significant progress was made towards a robust and 
straightforward process. 

Of the different examined candidate 
materials for sacrificial layers, CaB2O4 exhibited 
some initial sintering, giving a quite ideal porous, 
yet mechanically stable layer structure. However, it 
tended to crackle at large thicknesses, presumably 
due to its use in hydrated form. Therefore, MSPs 
based on MgO with H3BO3 as a sintering aid were 
used, avoiding borax, which tends to diffuse into 
and degrade underlying and overlying films [11]. 
Although this combination was found to be quite 
suitable for the manufacture of suspended thick-
film structures, it was still somewhat too soft. 
Therefore, further development work is needed, 
with several options possible to improve the 
sacrificial layers, such as coating MgO (promising 
first results obtained), using CaB2O4 or other 
borates in anhydrous form, or applying mixtures of 
these compounds to tune the sintering behaviour. 

Satisfactory results for suspended structures 
were obtained both with co-firing and post-firing. 
However, co-firing was quite process sensitive, 
easily giving rise to inhomogeneous dielectric 
layers over the sacrificial one, and post-firing was 
therefore preferred. Co-firing should, however, not 
be a problem with LTCC, due to the much higher 
thickness of LTCC tapes. 

Post-firing thick-film compositions onto 
porous fired sacrificial layers requires adjustment of 
the ink vehicle formulation of the first overlying 
layer to ensure trouble-free screen printing over the 
porous sacrificial film. This was achieved by 
increasing the amount of vehicle, e.g. lowering the 
powder volume fraction, and correspondingly 
increasing the vehicle viscosity (by increasing the 
binder concentration) to maintain a good printable 
rheology. 

Based on these developments, cantilever and 
bridge structures based on commercial thick-film 
dielectric and conductor compositions were 
fabricated and successfully released using acetic or 
phosphoric acid solutions. Compared to our 
previous studies using CaO / CaCO3 and 
borax [11], problems due to Na diffusion or 
reaction with ambient humidity were entirely 
avoided – acid resistance of layers was not 
significantly affected by contact with the sacrificial 
layer. 

There are, however, still some critical points 
that must be optimised. First, surface tension effects 
during drying can cause destruction of very fine 
structures, although this effect is not so critical as in 
MEMS. Additionally, internal stresses inside the 
suspended structures may cause them to bend up or 

down upon release, and must therefore be carefully 
controlled to achieve the desired final geometry. 
Finally, slender bridge structures require finer 
control of the thermal stresses between the films 
and substrate to avoid buckling.  

Issues with application to LTCC essentially  
involve the sintering behaviour: as the MSPs 
developed in this work exhibit little sintering, they 
are not compatible with free sintering of most 
LTCC compositions, as the shrinkage mismatch 
leads to strong deformations [20]. In this case, some 
shrinkage can be artificially introduced into the 
MSP by mixing an extra volume of graphite, which 
burns away during firing [9]. However, a more 
elegant solution consists in combining MSPs with 
constrained sintering, especially self-constrained 
"zero-shrinkage" LTCC tapes. 
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